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Results {#sec1}
=======

Experiment 1: Comparison Task {#sec1.1}
-----------------------------

In experiment 1 ([Figure 1](#fig1){ref-type="fig"}), observers saw two stimuli consecutively and had to indicate which one appeared to them as continuous \[[@bib5]\]. Each stimulus consisted of a striped center and surround, which could have the same (continuous) or the orthogonal (discontinuous) orientation. In different sessions, observers saw the stimuli under dark-adapted conditions, where vision is mediated by rods (scotopic viewing), or under light-adapted conditions, where vision is mediated by cones (photopic viewing). The size of the stimulus center was chosen, such that it would fall completely into the foveal scotoma, when the stimulus was presented centrally under scotopic viewing.Figure 1Stimuli and Experimental Procedure(A) Four possible stimulus configurations with discontinuous or continuous center and surround and vertical or horizontal orientation (see also [Table S1](#mmc1){ref-type="supplementary-material"}).(B) Experimental procedure with stimuli at the same eccentricity (experiment 1) and stimuli at different eccentricities (experiments 1 and 2). In experiment 1, observers had to indicate whether the first or the second stimulus appeared continuous (or discontinuous, half of the observers each). In experiment 2, observers had to select initially if they want to judge the first or the second stimulus and indicate subsequently if the selected stimulus appeared continuous or discontinuous.(A and B) Stimuli are not drawn to scale.(C) Example of a discontinuous stimulus drawn to scale.

To measure objective discrimination performance, a continuous and a discontinuous stimulus were presented consecutively at the same location, and we calculated the proportion of correct decisions ([Figure 2](#fig2){ref-type="fig"}A). Under scotopic viewing, observers were only slightly better than chance performance of 50% at the fovea (56.6%, confidence interval \[CI\]~95%~ \[51.9, 60.7\]) but close to perfect performance at 4° (94.9%, CI~95%~ \[92.3, 97.0\]) and 8° (96.6%, CI~95%~ \[94.6, 98.1\]) eccentricity. Thus, observers could not veridically detect the discontinuous stimulus center inside their scotopic foveal scotoma either due to a perceptual gap \[[@bib6], [@bib7]\] or due to filling-in \[[@bib8], [@bib9]\] of information from the surround \[[@bib10]\]. Under photopic viewing, observers were close to perfect performance at all eccentricities.Figure 2Results from the Comparison Task in Experiment 1 (n = 22)(A) Proportion of correct responses with two stimuli at the same eccentricity.(B) Proportion of less eccentric stimuli reported as continuous. Stimulus examples illustrate which stimulus was shown at the respective eccentricity, with less eccentric stimuli are shown on the left. Triangles indicate predictions ([STAR Methods](#sec3){ref-type="sec"}) if observers trust the filled-in information at the fovea (magenta) or either do not fill in or do not trust the filled-in information (green) or if they have veridical foveal information under photopic viewing (cyan).Gray symbols indicate individual observers; black symbols the mean across observers. Error bars are bootstrapped 95% CIs. Dashed lines indicate guessing without a bias. See also [Figures S1](#mmc1){ref-type="supplementary-material"}, [S2](#mmc1){ref-type="supplementary-material"}, and [S3](#mmc1){ref-type="supplementary-material"}.

To measure the relative weighting of different eccentricities, we interleaved conditions with a continuous and a discontinuous stimulus at two different eccentricities (0°\|4°, 0°\|8° or 4°\|8°) and calculated the proportion of lower-eccentricity choices ([Figure 2](#fig2){ref-type="fig"}B). We predicted that if observers experience a perceptual gap at the scotopic foveal scotoma or experience filling-in but do not trust this inferred information (perceptual-gap), they should base their decisions on peripheral information and ignore foveal information. If observers experience filling-in and trust this inferred information (filling-in), they should weight foveal and peripheral information equally ([STAR Methods](#sec3){ref-type="sec"}).

When the continuous stimulus was less eccentric, observers almost always chose this stimulus as continuous under both photopic and scotopic viewing, consistent with all predictions. When the discontinuous stimulus was less eccentric, observers almost never chose this stimulus as continuous under photopic viewing. As predicted, this was also the case for the 4°\|8° condition under scotopic viewing. A foveal stimulus, however, was reported more often as continuous than stimuli at 4° (64.4%, CI~95%~ \[57.3, 71.3\]) or 8° (68.1%, CI~95%~ \[61.4, 75.3\]) under scotopic viewing, which violates the perceptual-gap prediction and exceeds even the filling-in prediction. This does not reflect a general response bias for less eccentric stimuli because half of the observers each had to report which stimulus was continuous or which was discontinuous. Instead, the observed bias suggests that the scotopic foveal scotoma was filled in and that observers trusted this inferred information even more than the veridical information from the periphery.

To measure perceptual biases not only under scotopic viewing, but also under photopic viewing, we interleaved ambiguous conditions with two continuous stimuli. Here, observers reported more often the less eccentric stimulus as continuous under scotopic viewing (0°\|4°: 70.9%, CI~95%~ \[65.9, 76.8\]; 0°\|8°: 78.4%, CI~95%~ \[70.7, 83.5\]; 4°\|8°: 63.1%, CI~95%~ \[59.5, 66.8\]), as well as photopic viewing (0°\|4°: 82.5%, CI~95%~ \[77.5, 87.5\]; 0°\|8°: 90.9%, CI~95%~ \[84.8, 94.6\]; 4°\|8°: 73.7%, CI~95%~ \[64.9, 80.2\]), which again exceeds the filling-in prediction. To summarize, observers were more likely to report the less eccentric stimulus as continuous under all ambiguous conditions irrespective of whether the ambiguity was real because two continuous stimuli were presented or whether it was inferred because a discontinuous stimulus was shown at the scotopic foveal scotoma.

In the 0°\|8° condition, biases were largest and could be accounted for by a sum of the biases of 0°\|4° and 4°\|8° ([Figure S1](#mmc1){ref-type="supplementary-material"}). Therefore, the biases peak in central vision and decline with eccentricity. A trial-by-trials analysis showed that the biases were already present in the first few trials and did not change substantially across the experiment ([Figure S2](#mmc1){ref-type="supplementary-material"}), indicating that they were not acquired during the experiment. A control experiment showed that the biases depend on the stimulus location on the retina but not on the screen ([Figure S3](#mmc1){ref-type="supplementary-material"} and [STAR Methods](#sec3){ref-type="sec"}) and therefore are not caused by inhomogeneities of luminance or contrast across the screen but reflect an intrinsic property of perceptual decision making.

Experiment 2: Selection and Appearance Task {#sec1.2}
-------------------------------------------

The comparison task in experiment 1 combines two aspects in one decision: observers had to decide which stimulus appeared continuous and, if both of them appeared continuous, which stimulus they felt more confident about. This makes the measurement very efficient, but it does not explicitly separate appearance (type 1 judgments) from confidence (type 2 judgments) (reviewed in \[[@bib11]\]). To further separate these aspects, observers had to make two consecutive decisions in experiment 2: first, they had to select which of the two stimuli they want to judge (selection task, type 2 judgment), and then, they had to report if this selected stimulus was continuous or discontinuous (appearance task, type 1 judgment) \[[@bib12]\].

In the selection task ([Figure 3](#fig3){ref-type="fig"}A), we analyzed the proportion of selecting the less eccentric stimulus. We predicted that if observers experience a perceptual gap at the scotopic foveal scotoma or experience filling-in but do not trust this inferred information (perceptual-gap), they should select peripheral stimuli and avoid foveal stimuli. If observers experience filling-in and trust this inferred information (filling-in), they should select foveal and peripheral stimuli equally often ([STAR Methods](#sec3){ref-type="sec"}).Figure 3Results from Experiment 2 (n = 9)(A) Selection task: proportion of less eccentric stimuli selected for report in the subsequent appearance task. Stimulus examples illustrate which stimulus was shown at the respective eccentricity; less eccentric stimuli are shown on the left. Gray symbols indicate individual observers; black symbols indicate the mean across observers. Triangles indicate predictions ([STAR Methods](#sec3){ref-type="sec"}) if observers trust the filled-in information at the fovea (magenta) or either do not fill in or do not trust the filled-in information (green) or if they have veridical foveal information under photopic viewing (cyan).(B) Appearance task: proportion of selected stimuli reported as continuous. Discontinuous and continuous stimuli are shown in orange and red, respectively.Error bars are bootstrapped 95% CIs. Dashed lines indicate guessing without a bias. See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.

When the continuous stimulus was less eccentric than the discontinuous stimulus, selections were quite variable between observers and not different from 50% under scotopic and photopic viewing. When the discontinuous stimulus was less eccentric than the continuous stimulus, there were also no consistent preferences in any photopic condition and in the 4°\|8° condition under scotopic viewing. Since these conditions involve the selection between two different types of stimuli (continuous versus discontinuous), potential preferences for stimulus eccentricity might be obscured by large interindividual differences in preferences for stimulus type. To circumvent this issue, we calculated the proportion of selecting the less eccentric stimulus independently of whether the discontinuous or the continuous stimulus was less eccentric. This averaged out the effect of stimulus type and revealed consistent preferences for the less eccentric stimulus under photopic (0°\|4°: 65.8%, CI~95%~ \[58.9, 74.8\]; 0°\|8°: 71.8%, CI~95%~ \[61.6, 81.7\]; 4°\|8°: 60.0%, CI~95%~ \[51.8, 70.5\]) and scotopic (4°\|8°: 56.0%, CI~95%~ \[51.1, 68.0\]) viewing.

When the discontinuous stimulus was presented in the scotopic foveal scotoma ([Figure 3](#fig3){ref-type="fig"}A), observers selected it more often (0°\|4°: 72.8%, CI~95%~ \[58.9, 88.3\]; 0°\|8°: 79.3%, CI~95%~ \[70.8, 86.2\]). In trials with two continuous stimuli, observers also preferentially selected the less eccentric stimulus under scotopic (0°\|4°: 81.0%, CI~95%~ \[64.4, 90.7\]; 0°\|8°: 88.8%, CI~95%~ \[81.4, 94.5\]; 4°\|8°: 78.1%, CI~95%~ \[67.3, 83.8\]) and photopic (0°\|4°: 76.9%, CI~95%~ \[68.3, 86.9\]; 0°\|8°: 80.8%, CI~95%~ \[64.7, 90.4\]; 4°\|8°: 74.7%, CI~95%~ \[62.6, 85.9\]) viewing, violating the perceptual-gap prediction and exceeding the filling-in prediction. Like in experiment 1, the preferences in 0°\|8° could be accounted for by the sum of preferences in 0°\|4° and 4°\|8° ([Figure S1](#mmc1){ref-type="supplementary-material"}), and they were stable over the course of the experiment ([Figure S2](#mmc1){ref-type="supplementary-material"}). To summarize, when observers had to choose between two stimuli for their perceptual judgment, they consistently preferred the less eccentric stimulus when the stimuli were identical or when a discontinuous stimulus was presented at the foveal scotopic scotoma. This indicates that observers were not aware of their foveal scotopic scotoma and that they trusted central information more than peripheral information under scotopic and photopic viewing.

In the subsequent appearance task ([Figure 3](#fig3){ref-type="fig"}B), observers reported all stimuli correctly, except for discontinuous stimuli presented in the scotopic foveal scotoma, which were reported as continuous in most of the cases (90.0%, CI~95%~ \[81.0, 95.9\]). These results of the appearance task provide further evidence for filling-in in the scotopic foveal scotoma.

Discussion {#sec2}
==========

We investigated perceptual decision making under scotopic and photopic viewing. In two experiments, we found that a stimulus with a discontinuity in the scotopic foveal scotoma appeared as continuous, providing evidence for perceptual filling-in of the scotoma. We also found that observers preferred information from central vision, even when it was not veridical under scotopic viewing. This general preference for central vision indicates that humans are not aware of their scotopic foveal scotoma and that it is not taken into account for perceptual decision making.

Under daylight illumination, basic perceptual measures, such as acuity \[[@bib13]\] or contrast sensitivity \[[@bib14]\], peak at the fovea and decline in the periphery. In addition, the periphery is more vulnerable to crowding---i.e., spatial interference between neighboring elements \[[@bib15]\]. Preferring information from central vision might be, therefore, a sensible strategy for decision making under ambiguity in photopic vision. This interpretation is supported by other foveal biases in photopic vision: stimuli with temporal and spatial uncertainty tend to be mislocalized toward the fovea \[[@bib16]\], foveal brightness is extrapolated into the periphery \[[@bib17]\], peripheral appearance is influenced by predicted foveal appearance \[[@bib18], [@bib19]\], and transsaccadic feature integration shows some overweighting of foveal information \[[@bib20], [@bib21]\]. However, the observed perceptual bias is not a useful strategy for scotopic vision, where the fovea does not contribute veridical information. Nevertheless, our finding is consistent with other perceptual phenomena where vision in the light and the dark is not calibrated well: perceived speed is underestimated in the dark \[[@bib22]\], and the perception of white seems to require signals from cones \[[@bib23]\]. Our results are at odds with a recent comparison of photopic and scotopic visual search \[[@bib24]\], where eye movement statistics are affected by lighting condition in a qualitatively similar way as an ideal searcher \[[@bib25]\], which has knowledge about the scotopic foveal scotoma. These divergent findings could point toward a general dissociation that the scotopic foveal scotoma is taken into account in eye movement control, but not in perceptual decision making. Alternatively, the divergent findings might be caused by different opportunities for learning in the two experimental paradigms. In the visual search task, observers experienced with every eye movement how visual input in the fovea and the periphery relate to each other and therefore had the opportunity to acquire the appropriate weighting of foveal and peripheral information. In the perceptual decision task of the current study, observers never experienced the same stimulus in the fovea and the periphery and therefore could not acquire the appropriate weighting during the experiment.

There are at least two ways how the perceptual bias could be caused in scotopic vision: first, the brain might use a simple heuristic that information from the fovea is more reliable than from the periphery and apply this heuristic to photopic and scotopic vision alike. However, a simple heuristic is unlikely, because humans can estimate uncertainty based on their actual perceptual performance instead of using simple cues, such as contrast or eccentricity in photopic vision \[[@bib26]\]. Second, confidence might be assessed for each stimulus individually also in scotopic vision. In this case, our finding that biases in photopic and scotopic vision were similar, suggesting that confidence is assessed at a level of processing where information about the originating photoreceptor type is lost and perceptual filling-in is completed. Such a dissociation is quite likely, because rod and cone photoreceptors converge on the same pathways at the level of retinal ganglion cells \[[@bib27], [@bib28]\] and filling-in is preattentive \[[@bib29]\] and takes place in visual cortex \[[@bib9]\], while confidence in contrast seems to be represented only further downstream in parietal \[[@bib30]\] and prefrontal cortex \[[@bib31]\] and the striatum \[[@bib32]\].

Several basic properties of visual processing, such as pupil size \[[@bib33]\] or photoreceptor sensitivity \[[@bib34]\], are directly adjusted to the light level during dark adaptation. Our results show that this is not the case for the relative weighting of foveal and peripheral information in perceptual decision making. However, other properties, such as rod-cone interactions \[[@bib35]\] or spontaneous cortical activity \[[@bib36]\], are controlled by a circadian rhythm rather than by light level. Since our measurements were taken during the day, it is possible that the relative weighting of foveal and peripheral information is also controlled by a circadian rhythm. In this case, the bias for foveal information should be reduced or even reversed at night but possibly in the same way for both scotopic and photopic viewing.

While there are only few and contradictory studies about filling-in of the scotopic foveal scotoma \[[@bib6], [@bib7], [@bib10]\], more is known about filling-in at the blind-spot, where photoreceptors are absent because the axons of the ganglion cells exit the eye ball. Here, even complex visual patterns can be filled in from the surround \[[@bib29]\], and humans are overconfident for this filled-in information \[[@bib5]\]. Filling-in has also been observed for scotomata in the fovea caused by macular disease \[[@bib37]\], and these patients need to acquire a new preferred retinal locus for fixation \[[@bib38]\]. Our finding of a general preference for foveal information, irrespective of whether it is veridical or not, suggests that preferences in perceptual decision making might not necessarily shift to the preferred retinal locus in those patients, leading to suboptimal perceptual decisions.

STAR★Methods {#sec3}
============

Key Resources Table {#sec3.1}
-------------------

REAGENT or RESOURCESOURCEIDENTIFIER**Software and Algorithms**MATLAB R2016b, including Statistics and Machine Learning ToolboxMathWorks<https://www.mathworks.com/products/matlab.html>, RRID:[SCR_001622](rridsoftware:SCR_001622){#intref0015}Psychtoolbox 3, including Eyelinktoolbox\[[@bib39], [@bib40]\]<http://psychtoolbox.org/>, RRID:[SCR_002881](rridsoftware:SCR_002881){#intref0025}**Other**Eyelink 1000+ eye trackerSR Research<https://www.sr-research.com/products/eyelink-1000-plus/>, RRID:[SCR_009602](rridsoftware:SCR_009602){#intref0035}VIEWPixx monitorVPixx Technologies<http://vpixx.com/products/viewpixx/>, RRID:[SCR_013271](rridsoftware:SCR_013271){#intref0045}

Contact for Reagent and Resource Sharing {#sec3.2}
----------------------------------------

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Alexander C. Schütz (<a.schuetz@uni-marburg.de>).

Experimental Model and Subject Details {#sec3.3}
--------------------------------------

Overall, forty-nine observers completed one of the experiments. Twenty-five observers (twenty women, mean age = 24.1 years, range = 19-32) completed Experiment 1, thirteen of them were tested in the continuity response condition and twelve in the discontinuity response condition. Another group of eleven observers (nine women, mean age = 23.8 years, range = 19-34) completed Experiment 2. Finally, an additional group of thirteen observers (six women, mean age = 23.8 years, range = 18-44) completed the fixation manipulation experiment (Experiment 3). After exclusion, however, only forty observers with valid datasets remained. Twenty-two observers in Experiment 1 (eleven observers for each response condition), nine observers in Experiment 2, and nine observers in Experiment 3. More details about the exclusion criteria are given below.

Observers were students of Marburg University and were reimbursed for participation with 8€ per hour or partial course credit. Experiments were in accordance with the principles of the Declaration of Helsinki and ethics approval was obtained from the local ethics commission of the Department of Psychology of Marburg University (proposal number 2015-35k). All observers gave informed consent and had normal or corrected to normal vision.

Method Details {#sec3.4}
--------------

### Equipment {#sec3.4.1}

Stimuli were displayed using the Psychophysics Toolbox 3 \[[@bib39]\] in MATLAB (Mathworks, Natick, MA, USA) on a VIEWPixx monitor (VPixx Technologies, Saint-Bruno, QC Canada) at a 1920 × 1080 pixel resolution and a 120-Hz refresh rate. The monitor had a size of 51.5 × 29 cm and was viewed at a distance of 61.5 cm, resulting in 40 pixels/°. The luminance output of the monitor was linearized.

Viewing conditions were manipulated in two separate experimental sessions. Measurements were performed in both scotopic and photopic range of luminance using neutral density (ND) filters (LEE Filters, Burbank, CA). The ND filters were sandwiched between polymethyl methacrylate (PMMA) layers and these arrangements were mounted in a black metal frame in front the monitor. For scotopic measurements, we used a set of ND filters to reduce the measured luminance of black, gray and white pixels from 0.10700, 52.25000, 99.02000 cd/m^2^ to 0.013x10^−4^, 6.174x10^−4^, 11.701x10^−4^ cd/m^2^ (nominal values, below the measurement threshold of a UDT Instruments Optometer 370), respectively. With these values our stimuli did not exceed the absolute cone excitation threshold of about 10x10^−4^ cd/m^2^ \[[@bib27]\] and our perceptual measurements showed that observers were not able to discriminate our stimuli inside the scotopic foveal scotoma ([Figure 2](#fig2){ref-type="fig"}A). For photopic measurements, we used two PMMA layers without any ND filter sandwiched reducing the measured luminance of black, gray and white pixels to 0.09450, 45.00000, 85.92000 cd/m^2^, respectively.

Eye movements of the right eye were recorded using the Eyelink Toolbox \[[@bib40]\] and an EyeLink 1000 (SR Research Ltd., Ontario, Canada) with a sampling rate of 1000 Hz. Participant responses were recorded via a standard keyboard.

### Stimuli {#sec3.4.2}

Stimuli were circles with independently striped center and surround, either vertical or horizontal ([Figure 1](#fig1){ref-type="fig"}A). The diameter of the center was 0.7°, a size smaller than the central region of the fovea without rods ($\cong$1°) \[[@bib1]\], while the exterior diameter of the surround was 6°. The stripes pattern was a sinusoidal waveform with a spatial frequency of 1.4 cpd. This value was selected to guarantee one complete cycle inside the center. The contrast of center and surround was 0.99. The phase of the sinewave was fixed at a value of 0. The exterior edge of the surround was smoothed over 0.25°, whereas the border between the center and the surround was sharp. Center and surround were presented simultaneously and the stripes could be either continuous (C; same orientation of center and surround) or discontinuous (D; orthogonal orientation of center and surround).

### Procedure {#sec3.4.3}

In Experiment 1, the duration of each session was around 80 min, divided in 20 min of adaptation to the background luminance, 10 min for demonstration and eye tracking calibration, and 40-50 min of data collection. After a third of trials were completed (33%, 66%) observers received visual feedback with information about the number of trials, and performed a short eye movement task in which they had to follow a fixation cross appearing at different locations on the screen. This task was designed to force observers to move their eyes and to avoid effects related to long fixation periods at the same location.

In each trial, a fixation cross was presented at the screen center and observers were instructed to press the space-bar to begin the trial ([Figure 1](#fig1){ref-type="fig"}B). Afterward, the fixation cross was replaced by two aligned vertical lines with a gap of 7° and observers had to continue fixating at the center of the gap for the remainder of the trial. After a random time between 1 and 1.5 s, a stimulus was presented for 300 ms on the horizontal meridian at 0° (screen center), or at 4° or 8° left or right from the center. After 700 ms, the second stimulus was presented in the same or in another location (but always on the same side of the screen). Half of the observers were instructed to indicate which stimulus in the sequence was the continuous one (continuity response). The other half of the observers were instructed to indicate which stimulus in the sequence was the discontinuous one (discontinuity response). They were shown an example of a continuous and a discontinuous stimulus before the experiment and they completed several demonstration trials before the data collection started, 10 during the first session and 5 during the second one. If they mentioned during the demonstration that both stimuli are very similar, we instructed them to choose the one that for them was the best example of a continuous (or discontinuous) stimulus. After a trial, observers received auditory feedback when they moved their eyes more than 2° from the screen center and these trials were flagged for future exclusion during the offline analysis.

In the same-eccentricity conditions, both stimuli in a trial were presented at the same location (0°, 4° or 8°). In the different-eccentricity conditions, they were presented at different eccentricities (0°\|4°, 0°\|8° or 4°\|8°). In both cases, both stimuli in a trial were presented on the same side of the screen, either on the left or on the right side (in a counterbalanced way).

Experiment 2 was similar to Experiment 1, but now observers first needed to select which stimulus in the sequence they want to judge (selection task), and then report if the selected stimulus appeared continuous or discontinuous to them (appearance task). Observers completed several demonstration trials before the data collection started, 15 during the first session and 8 during the second one. To reduce the duration of the sessions, we only tested different-eccentricity conditions.

Experiment 3 was also similar to Experiment 1, except that the fixation at the beginning of each trial was at the screen center, or 4° left or right from screen center ([Figure S3](#mmc1){ref-type="supplementary-material"}). The initial fixation position was randomized and counterbalanced across the session. Given that Experiment 3 required more trials, we performed this experiment only under the photopic viewing and without the previous background luminance adaptation. In addition, we tested only the different-eccentricity conditions.

### Design {#sec3.4.4}

In Experiment 1, we tested 24 interleaved conditions ([Table S1](#mmc1){ref-type="supplementary-material"}). These 24 conditions (3 eccentricities (0°, 4°, 8°) x 2 temporal sequences (CD or DC) in the same-eccentricity conditions, and 3 eccentricities (0°\|4°, 0°\|8°, 4°\|8°) x 3 stimulus conditions (CC, CD or DC) x 2 temporal sequences in the different-eccentricity conditions) were measured 12 times (3 repetitions x 2 locations on the screen (left, right) x 2 orientations (vertical, horizontal)). This resulted in 288 trials.

To measure discrimination performance in same-eccentricity conditions, we used 6 different conditions in which both stimuli were presented at the same eccentricity (0°, 4° or 8°). For each eccentricity there were two different possibilities, first stimulus continuous and second stimulus discontinuous (CD), and vice-versa (DC).

To measure perceptual biases in different-eccentricity conditions, we used 18 different conditions in which the first and the second stimuli were presented at different eccentricities (0°\|4°, 0°\|8°, 4°\|8°). In addition to the CD and DC possibilities, there was an ambiguous condition in which both first and second stimuli were continuous (CC). In nine of these 18 conditions, stimulus presentations followed a sequence of first-second stimulus locations opposite to the others nine (i.e., CD at 0°\|4°, CD at 4°\|0°).

Responses for conditions with the same eccentricities but reversed sequences -- for example 0°\|4° and 4°\|0° -- were normalized to the lower eccentricity first case (0°\|4°) and grouped together. In addition, DC and CD values for the same-eccentricity conditions (first and second stimulus at the same eccentricity) were considered together for each eccentricity.

In Experiment 2, the same 18 different-eccentricity conditions from Experiment 1 were tested interleaved. These 18 conditions (3 eccentricities (0°\|4°, 0°\|8°, 4°\|8°) x 3 stimulus conditions (CC, CD or DC) x 2 temporal sequences), were measured 16 times (4 repetitions x 2 locations on the screen (left, right) x 2 orientations (vertical, horizontal)). This resulted in 288 trials.

In Experiment 3, we tested 36 interleaved conditions. These 36 conditions (3 initial fixation positions (−4°, 0°, 4°) x 2 stimulus eccentricities (0°\|4°, 0°\|−4°) x 3 stimulus conditions (CC, CD, DC) x 2 temporal sequences, were measured 12 times (6 repetitions x 2 orientations (vertical, horizontal)). This resulted in 432 trials. The retinal eccentricities were the same as in the condition 0°\|4° (or −4°\|0°) in Experiment 1 but using different screen locations now. For example, with the fixation at 4° from the screen center, the eccentric locations on the screen were either left (0°) or right (8°). Responses for stimuli conditions with opposite order -- for example −8°\|−4° and −4°\|−8° -- were normalized to the lower eccentricity first case (−4°\|−8°) and grouped together.

Quantification and Statistical Analysis {#sec3.5}
---------------------------------------

### Analysis {#sec3.5.1}

In the same-eccentricity conditions of Experiment 1, the proportion of correct responses was calculated and analyzed. In the different-eccentricity conditions of Experiment 1, the proportion of less-eccentric stimuli reported as continuous was calculated. Since there were no differences between observers in the continuity or discontinuity response condition, both groups were merged and analyzed together. In Experiment 2, we calculated the proportion of less-eccentric stimuli selected in the selection task. For the appearance task, we calculated the proportion of selected stimuli reported as continuous. In Experiment 3, the proportion of the fixated stimulus reported as continuous was calculated ([Figure S3](#mmc1){ref-type="supplementary-material"}).

We report means and 95% confidence intervals in the results section and [Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}. Confidence intervals were bootstrapped, using 20000 bootstrap samples and a bias corrected and accelerated percentile method.

To analyze the additivity of biases in the comparison task of Experiment 1 and the selection task of Experiment 2, we summed values of the 0°\|4° and the 4°\|8° conditions and compared them to the 0°\|8° condition ([Figure S1](#mmc1){ref-type="supplementary-material"}). Before summation, proportion data were linearized using a logit transformation:$$y = \log\left( \frac{y}{\left( {1 - y} \right)} \right)$$

To be able to transform proportion data of 0 or 1, we added or subtracted a constant of 48^−1^, representing half of the maximum resolution that we could achieve with 24 repetitions in each condition.

To analyze potential changes in biases over the course of the experiment, we ordered trials according to their number within each condition and averaged across observers for each trial number. Linear trends were assessed using a regression analysis ([Figure S2](#mmc1){ref-type="supplementary-material"}).

### Exclusion of data {#sec3.5.2}

Individual trials were considered invalid if the observer's fixation deviated more than 2° of visual angle from the point indicated by the initial fixation cross within a time window of 1320 ms in which the test stimuli were presented. In Experiment 1, data from observers were excluded from further analysis if the proportion of valid trials in any of the grouped conditions was less than 50% (twelve trials). In Experiment 2, to be consistent despite there were more repetitions per condition, the required minimum number of valid trials in the grouped conditions was also twelve trials. In Experiment 3, however, the conditions were not grouped for the analysis, and given that the number of repetitions per condition was twelve, data from observers were excluded if the number of valid trials was less than 50% (six trials) in any condition. Accordingto these criteria, we excluded one observer in Experiment 1 (continuity response condition) and three observers in Experiment 3.

To make sure that observers performed the perceptual tasks properly, we excluded observers when their performance in non-ambiguous conditions was too low. In Experiment 1, observers with a perceptual accuracy less or equal to 75% correct in any unambiguous same-eccentricity condition (except for 0° eccentricity under scotopic conditions), were excluded. This applied to two observers (one of them in the discontinuity response condition and the other one in the continuity response condition). In Experiment 3, one observer with a perceptual accuracy less or equal to 75% was excluded. In Experiment 2, two observers with a perceptual accuracy less or equal to 75% in any condition of the appearance task (except for a discontinuous stimulus presented at 0° eccentricity under scotopic conditions) were excluded. Since the individual bias of observers in the selection task determined in how many trials they reported the appearance of a given stimulus and eccentricity condition, we included only those conditions for the appearance task that contained at least 14 trials.

The results of all experiments were qualitatively unaffected by the specified exclusions of trials and observers.

### Predictions {#sec3.5.3}

We predicted decisions of unbiased observers in the comparison task of Experiment 1 and the selection task of Experiment 2 for two scenarios under scotopic viewing: if observers experience a perceptual gap at the scotopic foveal scotoma or experience filling-in but do not trust this inferred information (perceptual-gap) and if observers experience filling-in and trust this inferred information as much as veridical information from the periphery (filling-in). In addition, we predicted decisions of unbiased observers under photopic viewing, when all eccentricities are weighted equally.

In Experiment 1 ([Figure 2](#fig2){ref-type="fig"}B), according to the perceptual-gap prediction, observers should base their decisions under scotopic viewing on peripheral stimuli and ignore foveal stimuli, because they are aware that they do not have veridical information about foveal stimuli. Therefore, independently of which stimulus is shown at the fovea, it should always be chosen as continuous when the peripheral stimulus is discontinuous and never chosen as continuous when the peripheral stimulus is continuous. According to the filling-in prediction, observers perceive any foveal stimulus as continuous and weight foveal and peripheral information equally for their decisions under scotopic viewing. Therefore, independently of which stimulus is shown at the fovea, it should always be chosen as continuous when the peripheral stimulus is discontinuous. When the peripheral stimulus is continuous, the foveal and the peripheral stimulus will both be perceived as continuous and therefore should be chosen as continuous equally often. This should also be the case when both stimuli are continuous. Under photopic viewing, observers should report the correct stimulus as continuous when a continuous and a discontinuous stimulus are shown and report both stimuli equally often when two continuous stimuli are shown.

In Experiment 2 ([Figure 3](#fig3){ref-type="fig"}A), according to the perceptual-gap prediction, observers should never select foveal stimuli for the subsequent appearance task, because they are aware that they cannot judge these stimuli veridically. According to the filling-in prediction, observers should not exhibit any preference in the selection task and select foveal and peripheral stimuli equally often in all conditions. This should also be the case under photopic viewing.
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Raw data are available at [https://doi.org/10.5281/zenodo.2358129](10.5281/zenodo.2358129){#intref0055}.

Supplemental Information {#app2}
========================

Document S1. Figures S1--S3 and Table S1Document S2. Article plus Supplemental Information

This work was supported by the European Research Council (ERC) under the European Union's Horizon 2020 Research and Innovation Program (grant agreement no. 676786) and the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) project number 222641018 -- SFB/TRR 135 TP B2. We are grateful to Pascal Mamassian and Karl Gegenfurtner for comments on an earlier version of the manuscript, Christian Wolf for discussion, and Marie Carmine for helping with data collection.

Author Contributions {#sec4}
====================

A.H.G. and A.C.S. designed the study. A.H.G. collected data. A.H.G. and A.C.S. analyzed data. A.H.G. and A.C.S. wrote the paper.

Declaration of interest {#sec5}
=======================

The authors declare no competing interests.

Supplemental Information can be found with this article online at [https://doi.org/10.1016/j.cub.2019.02.023](10.1016/j.cub.2019.02.023){#intref0060}.

[^1]: Lead Contact
